Isomeric molecules present a challenge for analytical resolution and quantification, even with MSbased detection. The eight-aminobutyric acid (ABA) isomers are of interest for their various biological activities, particularly γ-aminobutyric acid (GABA) and the D-and L-isomers of β-aminoisobutyric acid (β-AIBA; BAIBA). This study aimed to investigate LC-MS/MS-based resolution of these ABA isomers as their Marfey's (Mar) reagent derivatives. HPLC was able to separate three Mar-ABA isomers L-β-ABA (L-BABA), and L-and D-α-ABA (AABA) completely, with three isomers (GABA, and D/L-BAIBA) in one chromatographic cluster, and two isomers (α-AIBA (AAIBA) and D-BABA) in a second cluster. Partially separated cluster components were deconvoluted using Gaussian peak fitting except for GABA and D-BAIBA. MS/MS detection of Marfey's derivatized ABA isomers provided six MS/MS fragments, with substantially different intensity profiles between structural isomers. This allowed linear deconvolution of ABA isomer peaks. Combining HPLC separation with linear and Gaussian deconvolution allowed resolution of all eight ABA isomers. Application to human serum found a substantial level of L-AABA (13 μM), an intermediate level of L-BAIBA (0.8 μM), and low but detectable levels (<0.2 μM) of GABA, L-BABA, AAIBA, D-BAIBA, and D-AABA. This approach should be useful for LC-MS/MS deconvolution of other challenging groups of isomeric molecules.
INTRODUCTION
Isomeric aminobutyric acids comprise a set of eight different isomers; 4-aminobutyric acid (γ-ABA, GABA), (R)-and (S)-3-aminobutyric acid (D-and L-β-ABA; BABA), (R)-and (S)-2-aminobutyric acid (D-and L-α-ABA; AABA; Abu), (R)-and (S)-3-aminoisobutyric acid (D-and L-β-AIBA; BAIBA), and 2-aminoisobutyric acid (α-AIBA; AAIBA; Aib) ( Fig.  1 ). GABA is a well-known and an important inhibitory neurotransmitter in the brain [1] . GABA levels are increased in pathological conditions such as Alzheimer's [2] , pancreatic cancer [2] , and immunogenic/inflammatory conditions [3] . BABA is a rarely occurring β-amino acid identified in tomato root extracts [4] and as an intermediate in Incednine biosynthesis in Streptomyces [5] . It has demonstrated protective action against plant pathogens when applied exogenously [4, [6] [7] [8] , and has partial agonist activity against the ionotropic glycine neurotransmitter receptor in Xenopus oocytes (GlyR) [9] . AABA is a naturally occurring amino acid found in both its free form and as a constituent of ophthalmic acid (γ-L-Glu-L-AABA-Gly) [10] . It is also a component of many natural products including cyclosporine (L-AABA) and quinupristin (D-AABA). Both AABA and ophthalmic acid have been investigated as biomarkers for liver toxicity and alcohol abuse [11] [12] [13] [14] . Abnormally high (>41 μM) serum AABA levels are found in septic patients, with high levels indicative of severe life threatening infections [15] . AAIBA is a natural amino acid found in some natural products such as Alamethicin [16, 17] . It is used in the design of short peptides with defined secondary structures [18] , and in cell penetrating peptides in oligonucleotide delivery [19] .
Of particular recent interest is BAIBA [20] . BAIBA was first identified in 1951 as a new amino acid in human urine [21] . BAIBA can be generated by catabolism of valine to L-BAIBA [22] [23] [24] or catabolism of thymine to D-BAIBA [25] . Skeletal muscle is a major site for branched amino acid utilization [26] , and during exercise, BAIBA levels are increased in the plasma of mice [27, 28] . BAIBA has been implicated in the beneficial effects of exercise on glucose home-ostasis and increased β-oxidation by hepatocytes via a PPAR-α mediated mechanism, and protection from metabolic diseases [27] [28] [29] . BAIBA has a number of observed biological activities such as influencing the development and progress of uremic toxemia [30, 31] , increasing weight loss [32] , and partial agonistic activity for the glycine receptor (GlyR) [9] . In obese patients, BAIBA improves glucose tolerance [32, 33] , increases breakdown of lipids, and increases conversion of white fat to brown fat [34] . BAIBA is also a metabolic biomarker for breast cancer [35] , liver and kidney malignancies [20, 36] , acute and chronic myeloid leukemia [37] , and hematological diseases [38] .
Several early studies on the identification and characterization of BAIBA used GC-based stereospecific analyses to discriminate between D-and L-BAIBA [22] [23] [24] [39] [40] [41] [42] [43] [44] . However, recent studies rarely use stereospecific detection methods, or pure BAIBA enantiomers. Separation of other ABA isomers have used GC-and HPLC-based methods [30, 31, [45] [46] [47] . A number of analytical approaches for ABA isomer resolution from extraterrestrial samples have also been reported ( [48] and references therein). However, an approach capable of analytically resolving all the eight ABA isomers appears lacking, but would greatly facilitate studies on this interesting group of biological molecules. The purpose of this study was to investigate the potential for developing an LC-MS/MS method capable of resolving all eight ABA isomers for use in detailed studies of their biological activities. An effective method was developed by combining chromatographic resolution, and mathematical deconvolution of multichannel MS/MS date using a combination of Gaussian peak fitting and linear algebraic deconvolution. This study provides a template for similar efforts on other isobaric isomers.
EXPERIMENTAL

General
GABA, D-and L-BABA, D-and L-AABA, D-and L-BAIBA, AAIBA and D-Ala were purchased from Sigma-Aldrich (St. Louis, MO). C18-silica gel was obtained from Sep-Pak Cartridges from Waters (Milford, MA) and Marfey's reagent (1-fluoro-2,4-dinitrophenyl-L-5-alanine amide) was purchased from Novabiochem (a division of EMD Chemicals, Gibbstown, NJ). Solvents, HPLC water, and acetonitrile were obtained from Alfa Aesar (Ward Hill, MA); formic acid, acetone, and triethylamine (TEA) were purchased from Fisher Scientific (Pittsburgh, PA). Human sera was from Sigma-Aldrich (St. Louis, MO). Centrifuge operations were performed in a Sorvall RT6000 centrifuge, or a standard microcentrifuge. LC-MS/MS was performed on an AB Sciex 3200 QTrap mass spectrometer (Foster City, CA) coupled to a Shimadzu UFLC system (Columbia, MD) using electrospray ionization (ESI) and run with Analyst v. 1.4.2 software. Stock standard solutions (100 mM) of ABA isomers were made in HPLC grade water and stored at −20 °C. Working standard soluti ons of ABA isomers at 1 mM were made by dilution of stock standard solutions in HPLC water and stored at −20 °C.
Standard Marfey's Derivatization Reactions
A slightly modified version of the Marfey's derivatization technique followed previously [49, 50] was used. To 20 μL of the sample was added 20 μL of 20 mM Marfey's reagent in acetone, followed by 5 μL of 0.5 M TEA. The mixture was incubated overnight or for 4 days at 37 °C, depending on if AAIBA was of interest (since it reacts very slowly with Marfey's reagent). The reaction was quenched and diluted to 200 μL with 25/75/0.2% acetonitrile/ water/formic acid.
Kinetic Characterization of Marfey's Derivatization Reactions
Different ABA isomers, especially the sterically constrained AAIBA isomer, were anticipated to have different reaction rates in the Marfey's derivatization reaction. To assess these differences, Marfey's derivatization reactions were set up as described above using well-resolved isomer mixtures: Mix 1 with 1 mM concentrations of L-BABA, GABA, and D-BABA; Mix 2 with 1 mM concentrations of D-BAIBA, L-AABA, and D-AABA; and Mix 3 with 1 mM concentrations of L-BAIBA and AAIBA. Reactions for kinetics characterization were performed by mixing 80 μL of a Mix (1, 2, and 3) with 80 μL of 20 mM Marfey's reagent, and 20 μL of 0.5 M TEA at 37 °C. Aliquots of 10 μL were removed at different times and the reaction was quenched by addition of 50 μL of 25/75/0.2% acetonitrile/water/ formic acid, which acidified and stopped the reaction. Samples were run on the LC-MS/MS method described below, and UV 340 nm peak areas of Mar-ABA products used to determine reaction kinetics.
Chromatography Conditions
Chromatographic separations were performed on a Nucleodur 100-3 C8 125 × 2 mm column (Macherey-Nagel, Bethlehem, PA) at a flow rate of 0.3 mL/min. The mobile phases consisted of solvent A -water/0.1% formic acid, solvent B -70/30/0.1% acetonitrile/water/ formic acid, and solvent C -acetonitrile/0.1% formic acid. The gradient used in this study was 25% B for 5 min, followed by a ramp to 42.5% B over 35 min, and back to 25% B in 1 min, with a post run equilibration time of 6 min.
Quantitative Mass Spectral Tuning
Samples of Marfey's derivatized ABA isomers for MS/MS detection optimization were purified over C18 silica to remove salts as described previously [49, 50] . MS/MS detection optimization was performed on these purified samples using the automated quantitative optimization routine in Analyst. The optimized source parameters for detection of the parent ion (Q1, [M+H] + = 356.2) were: declustering potential = 66 V, entrance potential = 5.5 V, source temperature = 450 °C, curtain gas = 20 psi, gas settings (GS1 and GS2) = 50 psi. The fragment ions used in this study and the optimized collision energies for their generation are summarized in Table 1 .
Preliminary Data Processing
Pre-processing of data was performed by translating Analyst WIFF format data files into NetCDF format files using the Analyst Translat.exe utility. Data in the NetCDF files was then imported into a Matlab data structure using Matlab's NetCDF file functions. MS channel data was collected discretely for 200 msec in each channel. Additionally, UV data was collected by the UV detector about 10 sec prior to the sample reaching the MS instrument. The Matlab cubic splines function (spline) was therefore used to align the data from each MS channel, as well as the UV data collected at 340 nm, to the same time vector as the first MS channel data. UV data was also baseline corrected. Gaussian peak fitting, as described further below, was used to confirm alignment, which demonstrated an RMSD of less than 0.05 sec between aligned MS and UV channel data.
Gaussian Peak Fitting and Deconvolution
Single component peaks in chromatograms were curve fit to the Gaussian peak equation (Eq. 1) using the Matlab fminsearch function.
(1)
For two overlapping peaks (the maximum number required in this study), curve fitting to the following sum of two Gaussian peaks equation was used to deconvolute the individual components:
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(σ is the same in both terms, since it was observed to be essentially the same for all Mar-ABA isomer peaks.) In these expressions, Obs is the observed signal as a function of time, t is time, Base is the baseline of the curve, Hmax is the height of the peak, μ is the time at the center of the peak, and σ is the "standard deviation" of the peak. Note that for a Gaussian peak as defined above, the peak width at half-height (w ½ ) = 2.355 σ, and the peak area (A) = H * σ * .
Multiple Channel MS (MRM) Linear Deconvolutio
The 6 MS fragments (channels) used in this study demonstrated different intensity ratios for the different ABA isomers. This potentially allows deconvolution of overlapping peaks into their components using a linear least squares approach. The expected multichannel chromatogram can be predicted given A -an n × m matrix with a column (m) for each component in the mixture each with n MS fragment channel intensities, × -an m × t matrix of the concentrations of each component as a function of time. The predicted n × t multichannel MS chromatogram b is then given by:
Since the intensity profile of the pure components (A) can be determined directly from LC-MS/MS chromatograms of the pure (well resolved) components, the observed multichannel chromatogram (b) of an overlapping mixture can be linearly deconvoluted in the least squares sense to give the component concentrations vs t profiles (x) using the Matlab backslash operator based formula:
During analysis of human serum samples, as described further below, substantial negative predicted component concentrations were obtained using Eq. 4, which are physically meaningless. The need for non-negative solutions in multivariate analyses is a common problem, and general approaches to non-negative least squares (NNLS) -where solutions to × in Eq. 4 are constrained to have values ≥ 0, are implemented in several analysis packages including Matlab. However, the Matlab implementation is for problems where both × and b are vectors, whereas the present case required a solution where × and b are both matricies.
To address the need of the present analysis, the Matlab lsqnonneg function was used with iteration over the time dimension in the data matrix (b) to provide the deconvoluted (x) matrix:
where A is again the intensity vs species matrix (Eqs. 3 & 4) determined from LC-MS/MS chromatograms of pure (well resolved) Marfey's derivatized ABA standards.
Preparation and Analysis of Human Serum for ABA Isomer Composition
Human serum (2 mL) was treated with a three-fold excess of acetone (containing 10 μM DAla as internal standard) on ice for 5 min, and then centrifuged at 3300 g at 4 °C for 10 min. 
Determination of linearity and absence of matrix effects
Serially diluted mixtures of 7 ABA isomers (excluding D-BAIBA) were prepared over the range of 0 to 400 pmol of injected analytes, and analyzed by LC-MS/MS and non-negative linear deconvolution as described above. Dilutions were also prepared in human serum to assess any effect of matrix and quantification.
RESULTS
Marfey's Derivatization Kinetics
It was anticipated, especially for the sterically hindered AAIBA isomer, that derivatization with Marfey's reagent might be slow. Reaction kinetics for Marfey's derivatization of individual ABA isomers were determined, and the results summarized in Table 2 . The AAIBA isomer did indeed show a substantially slower reaction rate with Marfey's reagent than the other ABA isomers, such that complete (>95%) derivatization of this isomer requires a relatively long (54 hr) incubation.
Chromatographic Separation and Resolution
Significant effort was made to optimize resolution, with the initial goal of chromatographically resolving all eight Marfey's derivatized ABA isomers. Alternative gradients were investigated -including isocratic conditions, and inclusion of methanol in the solvent system -which we have previously found useful for differential shifting of overlapping Marfey's derivative peaks [51] . The best resolution obtained was with the gradient described above. Using this gradient, the Marfey's derivatives of ABA isomers showed good resolution for 3 of the 8 isomers (L-BABA, L-AABA, and D-AABA) and overlapping peaks in two separate clusters for the remaining 5 species (GABA+D-BAIBA+L-BAIBA, and AAIBA+D-BABA) (Fig. 2 top) .
MS/MS-Based Detection
Standard mix chromatograms were also monitored by MS/MS using the settings and fragments summarized in Table 1 ( Fig. 2 bottom) shown). However, distinguishable fragment intensity profiles were apparent between positional (α-vs β-vs γ-amino group) and structural (n-butyric vs isobutyric) ABA isomers (i.e. between GABA, BABA, AABA, BAIBA, and AAIBA) (Fig. 3) . In the GABA/DL-BAIBA cluster, the 192.1 m/z fragment is 60-fold proportionately more intense for BAIBA than for GABA (or any other ABA isomer). In the AAIBA/D-BABA cluster, the 248.1 m/z fragment is 14-fold proportionately more sensitive for D-BABA, whereas the 265.2 m/z peak is 8.4-fold more sensitive for AAIBA.
Gaussian Peak Deconvolution of UV-Vis Chromatograms
The partial separation of L-BAIBA from GABA and D-BAIBA (Fig 2) suggested that at least L-BAIBA could be quantified in a mixture using UV-vis monitored chromatograms. Given the high degree of peak overlap, Gaussian peak deconvolution was investigated as a means to quantify contributions from these overlapping components. Fitting of a Gaussian function to pure isomer UV-vis detected peaks demonstrated that the Marfey's derivative ABA isomer peaks eluted with a nearly perfect Gaussian peak shapes (Fig. 4) . Overlays of UV monitored chromatograms of GABA, D-BAIBA, and L-BAIBA indicated that GABA and D-BAIBA were unresolved, but that L-BAIBA is sufficiently well resolved to be quantified in the presence of the other two ( 
Linear regression-based multichannel MS/MS signal deconvolution
Each Mar-ABA derivative demonstrated a number of detectable fragments after collisionally induced dissociation, with substantial differences in the intensity profile for these fragments between ABA isomers (Fig. 3) . Given these differences, the possibility of using a linear deconvolution approach was tested on a GABA+D-BAIBA MS/MS detected chromatogram (raw data shown in the top left panel of Fig 6) . Linear deconvolution using the intensity profiles for GABA and BAIBA as matrix A in Eq. 4 (referred to as local deconvolution, since it uses only the component intensities expected in the narrow chromatography window under examination) gives the deconvoluted component data points shown in the bottom left panel of Fig. 6 . These deconvoluted data points were then individually fit to the single component Gaussian curve equation (Eq. 1) (solid lines in the bottom left panel of Fig. 6) . This approach was then tested for (local) deconvolution of a mixture of all three overlapping components in the GABA+D-BAIBA+L-BAIBA peak cluster (raw data in the top center panel of Fig. 6 ). Linear (local) deconvolution of this data gives the data points shown in the bottom center panel of Fig. 6 . The resulting deconvoluted GABA data points were then fit to the single component Gaussian curve equation (Eq. 1) (solid green line in the bottom left panel of Fig. 6 ). The resulting deconvoluted BAIBA (D + L) data points (black circles) were then fit to the two component Gaussian curve equation (Eq. 2) to give the deconvoluted chromatogram for D-BAIBA (red line, lower center panel Fig. 6 ), L-BAIBA (blue line), and their sum (D + L, black line), demonstrating the combination of linear and Gaussian peak deconvolution for this three component mixture. The overlapping peaks in the multichannel MS chromatogram for AAIBA+D-BABA could also be deconvoluted similarly (Fig. 6 , right panels).
Human Serum Analysis
To demonstrate this approach on a relevant biological sample, it was then applied to commercially available human serum. Raw data is shown in Fig. 7A (full scale on the left, and expanded on the right). Global linear deconvolution (Eq. 4) (global referring to the use of the full intensity vs species matrix as A in Eq. 4) gave the globally deconvoluted chromatograms shown in Fig. 7B , in which substantial negative predicted concentrations were apparent. To avoid such negative predicted concentrations, which are physically meaningless, a non-negative least squares (NNLS) method was implemented and tested for use in global deconvolution (Eq. 5), which gave the deconvoluted chromatogram shown in Fig. 7C . The NNLS deconvoluted BAIBA chromatogram was further deconvoluted into its D-and L-BAIBA components by Gaussian peak fitting (Fig. 7D-I) , with Gaussian peak fitting for the L-AABA peak also shown (Fig. 7D-II) .
Assessment of linearity and absence of matrix effects using NNLS deconvolution
To assess linearity and matrix effects of the NNLS approach, serially diluted samples of 7 ABA isomers (lacking D-BAIBA, since it elutes very close to L-BAIBA and requires an additional Gaussian deconvolution step to fully resolve L-and D-BAIBA containing samples) were analyzed with this approach. Excellent linearity and sensitivity were observed with this approach from 0-400 pmol, with a LLOD of around 2 pmol of all tested analytes (Fig. 8) . No matrix effects were apparent with human serum diluted samples (data not shown), consistent with our prior studies on LC-MS/MS quantification of other Marfey's reagent derivatized amino acid analytes [49] [50] [51] .
DISCUSSION
MS and MS/MS-based analytical methods allow the specific detection and quantification of analytes in complex mixtures. This approach is dependent on both chromatographic resolution and highly specific MS-based detection. However, isomeric/isobaric analytes with identical or similar chromatographic and MS characteristics, such as ABA isomers, remain challenging. ABA isomers are of current interest for their varied biological properties, which include the particularly interesting D-and L-BAIBA isomers. Chiral GC-MS approaches are capable of chromatographically resolving D-and L-BAIBA [23-26, 39, 42-45] , and a twodimension HPLC method with UV detection has been reported that is capable of resolving and quantifying ABA structural and stereoisomers from extraterrestrial samples [48] , an alternative approach using generally available LC-MS/MS instrumentation would be highly desirable. The purpose of this study was to evaluate and demonstrate the potential of multichannel LC-MS/MS for the resolution of all eight ABA isomers as their Marfey's reagent derivatives, including L-and D-BAIBA.
Marfey's reagent is a chiral amine-derivatizing agent used to resolve and quantify D-and Lamino acids [52] [53] [54] . We have previously demonstrated the use of Marfey's reagent derivatization for the LC-MS/MS-based analysis of a number of amino acids and related compounds [49, 50] , and this approach appeared applicable to the resolution and quantification of ABA isomers [55, 56] . Given their identical masses, it was expected that a significant degree or complete chromatographic resolution would be required for such an analysis. However, after investigating a number of different gradients and solvent mixtures it was found that complete resolution was not forthcoming (Fig. 2) . Even when using a relatively long (shallow) gradient, complete resolution in UV monitored chromatograms could be obtained only for L-BABA, L-AABA, and D-AABA. GABA, D-BAIBA, and L-BAIBA eluted as closely overlapping peaks in one chromatographic cluster, and AAIBA and D-BABA in another cluster (Fig. 2) .
Given the inability to develop a purely chromatography-based separation for the eight ABA isomers, the possibility that differences in MS/MS fragmentation patterns could provide a basis for resolving overlapping Mar-ABA isomer peaks was investigated. The six most intense fragments collectively among all the Mar-ABA isomers were used in this effort. MS/MS fragment intensity ratios were essentially identical for all D/L isomer pairs (Fig. 2  lower panel) , meaning that D-and L-isomers cannot be distinguished using MS/MS fragmentation intensity data. However, substantial differences between different ABA positional (α-vs β-vs γ-amino group) and structural (n-butyric vs isobutyric) isomers were apparent (Fig. 3 ). These differences provide a possible means to deconvolute multichannel MS/MS fragment chromatograms into their component positional and structural isomers.
Another potentially useful feature of the observed chromatograms was that all pure compound peaks were found to have essentially perfect Gaussian (normal) peak shapes (Fig.  4) , with the exception of L-BAIBA and D-BAIBA, both of which had significant shoulders apparent as discussed further below. This precise Gaussian behavior appeared to provide an additional means for peak deconvolution, especially for potential closely eluting ABA D/L isomer pairs given their indistinguishable MS/MS fragment intensity profiles (e.g. for D-and L-BAIBA). Gaussian peak deconvolution was demonstrated on UV 340 nm detected chromatograms of Marfey's derivatized ABA isomers in the two overlapping clusters (Fig.  5 ). This allowed resolution of all ABA isomers except GABA and D-BAIBA, which were nearly perfectly overlapping (Fig. 5 top left panel) . This analysis also demonstrated that the commercially available D-and L-BAIBA samples were each significantly contaminated with the opposite isomer ( Fig. 5 top 2 left panels).
Linear deconvolution of MS/MS detected chromatograms was then explored. The MS/MS chromatograms for GABA+D-BAIBA and GABA+D-BAIBA+L-BAIBA are shown in Fig. 6 top, and the linearly (local) deconvoluted data are shown as data points in Fig. 6 -bottom. The D-+ L-BAIBA linearly deconvoluted data points can be further deconvoluted by fitting to a two peak Gaussian equation (Eq. 2) to provide individual D-BAIBA and L-BAIBA component chromatograms (Fig. 6-bottom right) . This approach thereby allows all three overlapping components in this cluster to be resolved using multiple fragment MS/MS chromatogram data and linear and Gaussian deconvolution. The overlapping multiple fragment MS/MS detected peaks in the AAIBA/D-BABA cluster could similarly be deconvoluted (data not shown), allowing all eight ABA isomers to be resolved and quantified by LC-MS/MS analysis.
This approach was then applied to the detection of ABA isomers in human serum. The raw data chromatogram is shown in Fig. 7A , demonstrating one pronounced MS/MS peak (L-AABA) and a number of weaker peaks. Application of global linear deconvolution (Fig. 7B) highlights the identity of the components of these peaks/clusters, which are as expected based on the retention of standards (the human serum data was collected on a different day than the Fig. 2 -6 data, and shows somewhat different retention times). However, unconstrained (e.g. Eq. 3) global linear deconvolution was quite sensitive to noise in the MS/MS data, as indicated by the presence of negative intensity components in the linearly deconvoluted peaks clusters (Fig. 7B) . While a local deconvolution approach could be applied, a global approach is both more straightforward and rigorous. Implementation of non-negative least squares deconvolution provided the deconvoluted chromatograms shown in Fig. 7C , which provided the desired all positive intensity deconvoluted chromatogram. This approach demonstrates good analytical linearity over a wide range (Fig. 8) , and with no discernable human serum matrix effect. All of the peaks in the de-convoluted human serum chromatogram (Fig. 7C ) occurred at the expected time except the late eluting (38 min This L-AABA level determined in this preliminary analysis of commercial human serum is similar to levels determined in prior studies of 7-30 μM for healthy subjects [15] . The levels of D-and L-BAIBA of 0.8 μM (total) determined here is comparable to the value of 2 μM reported previously, as is the 1:4 D:L ratio [57] .
A key feature of MS/MS based analytical methods is their selectivity for individual analytes in a complex mixture. However, in the case of mixtures isomeric/isobaric analytes this advantageous characteristic is lost when identical fragments are common among the analytes, as is the case for ABA isomers. Picking a single MS/MS channel specific to each analyte is simply not possible. As demonstrated in this study, linear deconvolution of multichannel MS/MS data analysis using non-negative least squares provides an elegant solution to this type of analytical problem by allowing multichannel MS/MS data to be transformed directly into individual component chromatograms. A related problem common to MS/MS based detection is the potential for interfering analytes to show up under the analyte peak of interest, and it is therefore common to select a second MS/MS channel to confirm selectivity. Linear deconvolution represents the logical extension of such an approach to the general case, since linear deconvolution utilizes all information on the multichannel MS/MS characteristics of an analyte/analytes. In the case of human serum analysis, an interfering component was observed in the BABA channel (Fig. 7C) , which was however well removed chromatographically from the known L-and D-BABA retention times. This unknown interfering agent ran very close chromatographically to D-AABA.
Single channel MS/MS data would likely (depending on which channel was selected) have confound these two peaks as one, and led to an erroneous results. The multichannel approach demonstrated provides a high information content (multichannel MS/MS) maximum likelihood (least squares) estimate of individual component chromatograms.
CONCLUSION
This study demonstrates the use of multivariate linear and Gaussian deconvolution for the LC-MS/MS-based resolution and quantification of all eight ABA isomers, and provides a valuable tool for studies of this interesting class of biological molecules. The methods developed in this study are also expected to be of general utility for the development of comprehensive MS/MS-based analytical approaches to other classes of isomeric molecules. Key findings of this study include: 1) Mar-ABA derivatives of D-and L-isomers give essentially identical fragment intensity profiles, but different ABA isomers give sufficiently different fragment intensity profiles to allow their linear deconvolution. 2) Both local and global deconvolution approaches are effective for linear deconvolution, but global deconvolution requires the use of a NNLS strategy to avoid physically unrealistic negative component concentrations. 3) All eight ABA isomers can be resolved and quantified using this approach. 4) BAIBA provides an intense 192.1 m/z fragment, which is uniquely characteristic of this biologically interesting isomer. 5) NNLS based linear deconvolution provides for a linear response curve over the range of 0-400 pmol. 6) Seven of the eight ABA isomers are detectible in human serum, with L-AABA predominating, followed by L-BAIBA. Structures of the eight aminobutyric acid isomers, and Marfey's reagent. MS/MS fragment intensity profiles for Mar-ABA isomers normalized (to a sum of 1 for each entity). Connecting lines between adjacent entities are shown to highlight similarities and differences. Marfey's reagent derivatives of D-and L-isomers of BABA, AABA, and BAIBA gave indistinguishable intensity profiles (not shown). Gaussian peak fits to pure component chromatograms. Data (filled circles) and Gaussian fit curves (solid lines) for the "pure" component peaks for each Marfey's derivatized ABA isomer (data taken from the lower three UV 340 nm monitored chromatograms from the top panel in Figure 2 ). The small shoulders in the two BAIBA chromatograms (bottom panels) is due to traces of the opposing isomer, as illustrated in Human serum Marfey's ABA derivative LC-MS/MS data and deconvolution. Semi-log vs. semi-log plot of NNLS deconvoluted peak areas vs pmol of injected analyte. A set of well-resolved ABA isomer mixes were used to determine the intensity matrix (A in eq.
3) for each analyte (Fig. 3) . Each unknown multichannel chromatogram was then processed using the NNLS calculation given in eq. 5 to give deconvoluted pure component chromatograms for each unknown, and the appropriate peaks integrated to give corresponding areas. These areas are plotted on the y-axis (semi-log) vs the amount of the analyte injected (x-axis, also semi-log). Anal Biochem. Author manuscript; available in PMC 2018 January 01.
